Background Ionizing radiation at very high (radio-therapeutic) dose levels can cause diseases other than cancer, particularly heart diseases. There is increasing evidence that doses of the order of a few sievert (Sv) may also increase the risk of non-cancer diseases. It is not known, however, whether such effects also occur following the lower doses and dose rates of public health concern. 
Introduction
Ionizing radiation is a well-established human carcinogen. At high doses, ionizing radiation exposure is also known to cause non-cancer effects. Excess cardiovascular mortality has been observed in studies of patients treated with radiotherapy for breast cancer [1] [2] [3] [4] and Hodgkin's disease 5 who received doses of 10 sievert (Sv) or more to the heart at high dose-rates (for simplicity, all doses in this article are expressed in terms of equivalent dose in Sv to a particular tissue (colon, lung). As this article is mainly concerned with photon radiation with a radiation-weighting factor of 1, the results could equally well be expressed in terms of absorbed dose to organs in grays with the same numerical values 6 ). Very high doses of radiation to the heart can result in fibrotic and small vessel damage in the pericardium, myocardium and coronary vasculature, with subsequent myocardial infarction being the most common fatal complication. 7 Non-cancer late effects have been documented at lower doses among the atomic bomb survivors. [8] [9] [10] [11] [12] Radiation-related excess mortality and morbidity due to circulatory, digestive and respiratory diseases have been observed in this cohort at doses below 4 Sv; however, a threshold as high as 500 mSv could not be ruled out. 11 Other studies of populations with doses below 5 Sv have, to date, not shown a consistent pattern of increases in mortality from circulatory disease (reviewed by McGale and Darby), 13 although a dose-related increase in coronary heart disease was observed recently in patients receiving radiotherapy for peptic ulcer with cardiac doses ranging from 1.6 to 3.9 Sv. 14 Further, a recent study among
Chernobyl clean-up workers, with an average whole-body dose of 100 mSv, reported an increased risk of ischaemic heart disease, essential hypertension and cerebrovascular disease;
analyses were, however, not adjusted for smoking or alcohol consumption. 15 Given the nature of the radiation damage to the heart and vessels observed following radiotherapy, 7 it is not known whether any increased risk is in fact expected following the low doses (of the order of a few tens of mSv) received in a protracted or fractionated fashion that are of public health concern. If such effects were confirmed, this would have important implications for radiation protection of medically, occupationally and environmentally exposed-populations, as well as for the understanding of the aetiology of circulatory and other non-cancer diseases. Workers in the nuclear industry are a suitable population for the direct estimation of radiation effects at low doses: they form large, relatively stable populations with relatively wellmeasured and well-recorded external radiation doses. Large studies of combined cohorts of nuclear workers have previously reported no radiation-related excess in mortality from noncancer diseases as a group. 16, 17 A dose-related increased mortality from circulatory diseases has been observed in some studies of nuclear industry workers, 17, 18 but it is unclear whether this reflects a real effect of radiation exposure or residual confounding. This article evaluates whether mortality from diseases other than cancer is related to radiation dose in the 15-Country Study of nuclear industry workers.
Methods
The 15-Country Study is a multi-national retrospective cohort study, in which the mortality of nuclear industry workers from 15 countries was studied. In this article, the term nuclear NON-CANCER MORTALITY FOLLOWING IONIZING RADIATION industry is used to refer to facilities engaged in the production of nuclear power, the manufacture of nuclear weapons, the enrichment and processing of nuclear fuel, the production of radioisotopes or reactor or weapons research; uranium mining is not included. Radiation-related cancer risk estimates from the 15-Country Study have been published elsewhere, 19, 20 as have the detailed methods of the follow-up 20 and dosimetry. 22 The main study population was defined 21 as workers who had been employed in at least one of the study facilities for at least 1 year, who had been monitored for external radiation exposure and whose doses resulted predominantly from exposure to higher energy photon radiation (X and g-rays in the range 100-3000 keV). For the non-cancer analyses presented here, workers also had to have been followed for non-cancer mortality (this excludes the Japanese cohort), and have adequate socioeconomic status (SES) information (this excludes the Japanese, US-Idaho National Laboratory and Canada-Ontario Hydro cohorts).
21
For each worker monitored for external radiation exposure, individual annual recorded radiation doses were obtained from facility records and/or national dose registries. Doses to specific organs were derived by dividing the recorded doses by organ dose bias factors developed in a study of errors in doses. 22 In this article, lung doses are used for respiratory diseases and colon doses for all other diseases, as was done in the study of atomic bomb survivors.
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Statistical analysis
Consistent with previous analyses of this cohort, 20 doses and person-years at risk for each worker were accumulated over time from date of entry in the study to date of exit. To allow for a possible latent period between an exposure and its effect, cumulative doses were lagged by 10 years, for consistency with radiotherapy studies. 4, 7 Sensitivity analyses used a range of different lag times. Observed (O) and expected (E) numbers of deaths and person-years of follow-up were calculated by eleven dose categories (0-, 5-, 10-, 20-, 50-, 100-, 150-, 200-, 300-, 400-and 500þ mSv) chosen a priori. The expected numbers of deaths were calculated assuming that, within a stratum defined by levels of the confounding variables, the mortality rate in each dose category was the same as that of the entire stratum, i.e. that the cause of death under study was not associated with exposure. The score test statistic based on the linear relative risk model was used to test the statistical significance of the trend in O/E ratios. 23 Analyses were based on a linear relative risk Poisson model, in which the relative risk is of the form 1 þ bZ, where Z is the lagged cumulative dose in Sv, and b is the excess relative risk (ERR) per sievert. This model has been used commonly in analyses of nuclear workers studies 16, 17 and radiation risk estimation. 6, 24 The linear RR model has computational restrictions, however, as the relative risk cannot be negative. Loglinear models, in which the relative risk (RR) is assumed to be of the form exp(bZ), were therefore also fitted to the data. Resulting estimates of the RR at a dose of 100 mSv compared with 0 mSv are presented where b could not be estimated under the linear model. Linear RR and log-linear models give essentially the same results at low doses and low risks. Confidence intervals are 95% likelihood-based intervals. All analyses (trend tests and regression models) were stratified on sex, age and calendar period (both in 5-year categories), facility, duration of employment (<10 years, 510 years) and SES.
The risk of radiation-induced disease may vary among subgroups of the study population (gender, study-cohort, facility type) and by variables such as attained age, age at exposure and time since exposures. 11 Heterogeneity of risk estimates was tested using likelihood ratio tests for the interaction of gender, cohort, facility type and age with dose. A priori defined categorical variables were used to evaluate variation in risk by attained age (<60, 60-70, 70þ years), age-at-exposure (<35, 35-50 and 50þ years) and time-sinceexposure (<10, 10-20 and 20þ years). For age-at-exposure and time-since-exposure, the cumulative doses received in each of the three categories were modelled jointly, and the likelihood of this model was tested against that of the standard model with one total cumulative dose.
Outcomes studied
Results are presented for mortality from all non-malignant (non-cancer) diseases combined and for the main groupings of specific non-cancer diseases: circulatory diseases, respiratory diseases excluding pneumonia and digestive diseases. Particular attention is paid to circulatory diseases, because of the evidence from high-dose studies discussed above. Mortality from chronic obstructive pulmonary disease, liver cirrhosis and external causes were also studied as indirect indicators of potential for confounding by, respectively, smoking, alcohol consumption and more general life-style related factors. The ICD codes defining these causes of death have been published elsewhere. 21 Only underlying causes of death were analysed. Because of limited statistical power, analyses of age-at-exposure and time-since-exposure were carried out only for all non-cancer diseases combined and for circulatory diseases.
Results
The study population for the non-cancer analyses included 275 312 workers with a total duration of follow-up of 4 067 861 person-years and a total collective recorded dose of 5690 Sv (Table 1 ). The average cumulative recorded dose was 20.7 mSv; <0.1% of workers had received cumulative doses 4500 mSv over their entire career in the nuclear industry. 19 The average individual colon dose and lung dose were 16.9 and 17.9 mSv, respectively. A total of 13 315 workers died from causes other than cancer, 2060 from external causes of death and 11 255 from non-cancer diseases; the majority of these latter deaths were from circulatory diseases (n ¼ 8412) ( Table 2 ). The ERR per sievert for mortality from all non-cancer diseases was 0.24 (95% CI À0.23, 0.78) ( Table 2 ). The corresponding trend test gave little evidence for an increase in risk with dose (P ¼ 0.16). There was no evidence of a dose-response for circulatory disease mortality overall (ERR/Sv ¼ 0.09; 95% CI À0.43, 0.70; P for trend ¼ 0.37) or for mortality from specific circulatory diseases. Elevated ERRs/Sv were observed for cerebrovascular diseases (ERR/Sv ¼ 0.88; 95% CI À0.67, 3.16) and for the category 'other circulatory diseases' (ERR/Sv ¼ 0.29; 95% CI < 0, 2.40), but confidence intervals included zero.
Risk estimates for mortality from all non-malignant respiratory diseases (ERR/Sv ¼ 1.16; 95% CI À0.53, 3.84), chronic obstructive pulmonary disease (ERR/Sv ¼ 0.56; 95% CI < 0, 3.77), all digestive diseases (ERR/Sv ¼ 0.96; 95% CI < 0, 4.52) and liver cirrhosis (ERR/Sv ¼ 1.54; 95% CI < 0, 9.67) were elevated but confidence intervals included zero. External causes of death showed a negative ERR/Sv (-0.50, 95% CI < 0, 1.08) ( Table 2 ).
There was little evidence for radiation-related increases in mortality from non-cancer diseases overall or from specific disease groups in individual countries, or for heterogeneity of risks between countries, cohorts or facility types (Supplementary Table A) . However, numbers of deaths were small in many countries and the confidence intervals were wide. Elevated risks were, nevertheless, seen in the US-NPP cohort, for all non-cancer diseases (ERR/Sv ¼ 5.99; 95% CI 1.75, 12.4) and for circulatory diseases (ERR/Sv ¼ 6.04; 95% CI 1.36, 13.5).
The ERRs/Sv in men were very similar to those observed in the entire population for mortality from all non-cancer diseases as well as from circulatory, respiratory and digestive diseases (Table 3; Supplementary Table B) , reflecting the fact that the study population consisted mainly of men (90%) who received 98% of the collective dose. There was no evidence for a difference in risk between men and women.
There was some evidence for heterogeneity of risk by attained age category for non-cancer diseases as a group although confidence intervals for the different age groups overlapped (heterogeneity P ¼ 0.10); the ERR/Sv was highest for attained ages below 60 years (ERR/Sv ¼ 1.25; 95% CI À0.03, 2.83) ( Table 3 ). More detailed analyses conducted post hoc of attained age in four categories (Table 4) showed that the elevated risks were found mainly in the age group below 50 years, and that the increased risk in this age category was seen for each grouping of non-cancer causes of death, including external causes.
There was no evidence for a difference in radiation-related risk by age at exposure for all non-cancer diseases or for circulatory diseases (Table 3) . Differences in ERR/Sv estimates were found, however, between time-since-exposure categories for both of these outcomes; this was due to negative ERRs/Sv for doses received <10 years previously (Table 3) . Risk estimates tended to increase with increasing lag time for all non-cancer diseases overall, as well as for circulatory, respiratory and digestive diseases (Table 3;  Supplementary Table B) . ERRs/Sv increased from 0.24 to 0.48 for all noncancer diseases and from 0.09 to 0.39 for circulatory disease when analyses were not stratified for SES (Table 3) . Removing stratification for duration of employment resulted in a reduction in estimated ERRs/Sv from 0.24 to 0.04 for all non-cancer diseases, and from 0.09 to À0.04 for circulatory diseases. Similar results were observed for respiratory and digestive diseases (Supplementary Table B) .
Discussion
The 15-Country Study gives little evidence for a relation between mortality from non-malignant diseases and external radiation dose at the low doses received by nuclear industry workers. However, radiation-related non-cancer effects are expected to be small (if they exist at all) at the low doses received by most nuclear workers. Therefore, despite Based on a linear excess relative risk model unless otherwise indicated-if RR could not be estimated under the linear model, the RR from a log-linear model is shown. b 1-sided P-values are presented as there was no reason to suspect that exposure to radiation would be associated with a reduction in risk. c Total of external causes and non-cancer diseases. d <0: The linear excess relative risk model has computational restrictions, as the relative risk cannot be negative. Hence the parameter is constrained to be larger than À1/maximum dose, and in some cases estimates and/or lower confidence bounds for b cannot be obtained; these are designated simply as <0 throughout the article. h Including emphysema, chronic obstructive bronchitis, and chronic obstructive pulmonary diseases-not otherwise specified.
the large size of this study, the power to detect a small increase in risk is limited. Indeed, the central risk estimates observed in this study for mortality from all non-cancer diseases and from circulatory diseases are similar to comparable estimates derived from the A-bomb survivors' data (Table 5) , and thus statistically compatible with a linear extrapolation from these data. Hence, we can exclude neither the existence of a threshold for the induction of non-cancer effects, nor an effect of the same order of magnitude as found in the A-bomb survivors. These findings are consistent with most other low-dose studies, in which radiation-related excess in risk of circulatory disease have generally not been observed (reviewed by McGale and Darby). 13 Larger increases in risk were observed for mortality from respiratory diseases and digestive diseases in this study. The A-bomb survivors' study has reported radiation-related increases in risk for these disease outcomes, 11 but, to our knowledge, no other large studies have reported such associations. The explanation for these results is unclear and may include chance (given the wide confidence intervals), as well as confounding by factors such as smoking and alcohol consumption. Analyses in this study are not independent from those of the previous 3-Country Study which combined cohorts from Canada, the UK and the US. 17 The weakly positive risk estimates in this study were driven mainly by the cohorts and follow-up periods also included in the 3-Country Study (3-country cohorts: ERR/Sv for non-cancer diseases ¼ 0.40; 95% CI À0.18, 1.08. Other cohorts: ERR/Sv ¼ À0.11; 95% CI < 0, 0.85). These are also among the cohorts with the longest follow-up periods and the largest numbers of workers who accumulated higher doses.
Time and age-related effects
Of interest is the dose-response observed for all groupings of non-cancer diseases, including external causes, among workers with younger attained ages (below 50 years of age). This result is consistent with the A-bomb survivors' data where a decrease in mortality from all non-cancers with increasing attained age is observed. 11 It is unclear, however, whether our finding reflects a real effect of radiation, random variation or residual confounding, particularly since it is not related to any particular cause of death and since this age group was identified post hoc. Given the elevated risk for external causes in the younger age group, a confounding effect of life-style related factors acting particularly at younger ages appears possible. The current study finds no evidence for differences in risk for radiation doses received at different ages. The A-bomb survivors' study reports a trend of decreasing ERR with increasing age at exposure for all non-cancer diseases combined, 11 whereas a more recent re-analysis of these same data has indicated that the highest risk arose in the medium (30-49 years) age group. 25 Analyses by time-since-exposure and different lag periods showed higher risk estimates for exposures 10 years or more in the past. These findings are consistent with higherdose studies in which radiation-related effects were generally not seen until at least 10 years after exposure. 4, 7 A-bomb survivors analyses have now documented non-cancer effects in the follow-up periods covering $20-50 years after exposure.
11,25
Confounding A limitation of this study is that, as in most occupational cohort studies, information on factors such as smoking habits, alcohol intake and diet could not be obtained. Non-cancer disease risks are known to be strongly related to such risk factors. 26 Smoking surveys in seven of the study cohorts have shown no consistent association between radiation dose and smoking with three showing a positive association and four showing no association. 21 Nevertheless, lung cancer risks were particularly raised in the 15-Country Study 19, 20 suggesting that confounding by smoking may have played a role; a similar confounding effect Analyses of non-cancer disease mortality of A-bomb survivor data carriedout at IARC, using an excess relative risk model stratified for attained age, calendar period and city. Analyses were restricted to men, exposed between the ages of 20 and 60, the group most comparable to the nuclear workers in the 15-Country study. Analyses were restricted to follow-up data 1968-97 and to survivors proximal to the hypocenter (<3 km) as described in Report 13 by Preston et al 11 . b Categories heart disease and stroke from Report 13 11 combined.
in the analyses of non-cancer disease cannot be ruled out. The increased risk estimate for chronic obstructive pulmonary diseases, although its confidence interval includes zero, is compatible with this. Further, it is notable that risk estimates for respiratory diseases and liver cirrhosis in the 15-Country Study are much higher than comparable estimates from the A-bomb survivors (Table 5) , possibly demonstrating confounding effects by, respectively, smoking and alcohol consumption. Increases observed in the younger attained age categories for all main causes of non-cancer disease as well as external mortality causes may also indicate a specific confounding effect of lifestyle-related risk factors at younger ages. This study partially controlled for these effects through adjustment for SES. SES was found to be an important confounder in this study, as it was associated both with all cause mortality and exposure in most countries, 21 and removal of SES stratification in our analyses had a relatively large effect of increasing risk estimates. Nevertheless, a surrogate measure can never entirely compensate for lack of direct data, and confounding may explain some of the small increases in radiation-related risk reported for non-cancer diseases. Duration of employment was considered a priori to be a possible confounder and was therefore included in all main analyses to control for the so-called 'healthy worker survivor effect'. 20 This negative confounding effect occurs when workers who are healthier and therefore have lower mortality rates, stay in employment longer and may accumulate higher doses. 27 When we removed adjustment for duration of employment in the analyses, ERR estimates reduced to below 0, indicating that a healthy worker survivor effect may be present in this cohort.
Outcome misclassification
Misclassification of vital status or of underlying cause of death can occur in mortality studies. Coverage of ascertainment of both vital status and cause of death were near complete in the study cohorts, limiting the potential of bias. 21 Misclassification of the cause of death recorded on death certificates is likely to have occurred, especially for specific causes of death, [28] [29] [30] [31] and may have differed over time and between countries. Nevertheless, risk estimates for the group of all non-cancer diseases combined would remain relatively unaffected.
Errors in dosimetry
Nuclear workers studies benefit from relatively well-measured and well-recorded radiation doses. However, even these doses can be subject to errors. An extensive study of errors in dosimetry formed part of the 15-Country Study. 22 This study identified and quantified the main errors in recorded doses, and dose estimates in the main analyses have been adjusted to take these errors into account. Further, analyses were restricted to workers whose radiation dose was predominantly from relatively well-measured radiation types (external radiation from higher energy photons), and workers with substantial doses from other radiation types (neutrons, internal contamination) were excluded. 22 
Conclusions
In conclusion, results from the largest nuclear workers cohort study to date give little evidence for a relation between mortality from non-malignant diseases and external radiation dose at the low doses received by nuclear industry workers. However, we cannot rule out risks of the same order of magnitude as found in the A-bomb survivors' study. Dose-response relationships found in younger workers merit further exploration. The follow-up periods in most countries were relatively short (average 13 years) and the majority of workers were comparatively young at the end of the follow-up (average 46 years). Further follow-up of these populations will be useful to improve the precision of risk estimates.
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